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The M protein is an important surface-located virulence factor of Streptococcus pyogenes, the group A
streptococcus (GAS). Expression of M protein is primarily controlled by Mga, a transcriptional activator
protein. A recent report suggested that the sag locus, which includes nine genes necessary and sufficient for
production of streptolysin S, another GAS virulence factor, is also needed for transcription of emm, encoding
the M protein (Z. Li, D. D. Sledjeski, B. Kreikemeyer, A. Podbielski, and M. D. Boyle, J. Bacteriol. 181:6019–
6027, 1999). To investigate this in more detail, we constructed an insertion-deletion mutation in sagA, the first
gene in the sag locus, in the M6 strain JRS4. The resulting strain, JRS470, produced no detectable streptolysin
S and showed a drastic reduction in cell surface-associated M protein, as measured by cell aggregation and
Western blot analysis. However, transcription of the emm gene was unaffected by the sagA mutation. Detailed
analysis with monoclonal antibodies and an antipeptide antibody showed that the M protein in the sagA mutant
strain was truncated so that it lacks the C-repeat region and the C-terminal domain required for anchoring it
to the cell surface. This truncated M protein was largely found, as expected, in the culture supernatant. Lack
of surface-located M protein made the sagA mutant strain susceptible to phagocytosis. Thus, although sagA
does not affect transcription of the M6 protein gene, it is needed for the surface localization of this important
virulence factor.

Streptococcus pyogenes (the group A streptococcus [GAS]) is
a serious human pathogen capable of producing a wide variety
of diseases. Such infections range from mild suppurative dis-
eases, such as pharyngitis and pyoderma, to more severe and
life-threatening invasive diseases, including myositis, necrotiz-
ing fasciitis, and the recently recognized and often fatal strep-
tococcal toxic shock syndrome (for a recent review, see refer-
ence 11). The primary infections may also lead to serious
sequelae such as acute rheumatic fever, glomerulonephritis,
and reactive arthritis (6). It appears that many GAS strains can
cause more than one of these diseases.

Different strains of GAS produce various virulence factors
that are involved in the survival and persistence of this organ-
ism within its host. Among them, M protein, which appears as
hair-like projections on the cell surface (52), is considered to
be a major virulence factor. Probably the most important role
of M protein in the virulence of the GAS is that it confers
resistance to complement-mediated killing by polymorpho-
nuclear leukocytes and macrophages (27), thus protecting
the bacteria from phagocytosis. In addition, M protein is re-
quired for attachment of the GAS to keratinocytes and thus
is likely to play a critical role in infections initiated at the
skin surface. M protein also causes the GAS to aggregate

when they attach to tonsillar epithelial cells (9), so it may also
play a critical role in initiation of colonization of the respira-
tory mucosa.

The sequence and length of M proteins of different strains of
GAS differ, and these diferences are used to classify strains of
GAS serologically by M types. M proteins have a dimeric
alpha-helical coiled-coil structure (43) and most have tandem
direct sequence repeats responsible for the size variation ob-
served (21). The N-terminal regions of M proteins are highly
variable and are largely responsible for the antigenic variation.
In contrast, the C-terminal part of the molecule is anchored
to the GAS surface and is largely conserved. M proteins con-
tain two to three 27-amino-acid C repeats that are highly con-
served among strains of different serological M types (for
reviews, see references 14, 15, and 48). These are followed
by an LPXTG motif, a hydrophobic region, and a charged
tail, which are required for anchoring the molecule to the bac-
terial cell surface (17). The M6 molecule, found on the strain
used in our study, is the first M protein that was cloned and
sequenced (20). In this protein, the variable N-terminal region
is followed by five 14-amino-acid A repeats and about five
24-amino-acid B repeats. There is a pepsin hypersensitive site
within the last B repeat of the M6 protein that separates the
conserved region from the variable region of the molecule (20,
34).

The GAS also express a wide range of secreted and surface-
attached proteases proposed to be involved in virulence.
Among them is streptococcal cysteine protease, SpeB, which is
secreted as a 40-kDa zymogen and autocatalytically cleaved
into a 28-kDa active protease. The activated SpeB can cleave
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several host proteins, including extracellular matrix component
(25) and plasma proteins such as fibrinogen (35). Furthermore,
SpeB has been shown to process the M1 protein (46) as well as
protein H (which binds to immunoglobulin) and the scpA-
encoded C5a peptidase (4) that degrades this chemotactic
member of the complement cascade. Streptokinase, another
secreted serine protease with broad-spectrum activity, cata-
lyzes the conversion of plasminogen to plasmin and is also
thought to be an important virulence factor required for tissue
invasion by the GAS (31).

The ability of GAS strains to invade and persist in different
niches in the human host during various stages of disease is
likely to depend on selective expression of virulence factors
that are controlled by global regulatory mechanisms sensitive
to environmental changes. A major component of this global
regulatory circuit found in all GAS strains is the multiple gene
regulator Mga, which activates expression of many virulence
genes in an environmentally controlled fashion. These include
emm (8, 10) and scpA (10, 50), and in strains where they are
present, the emm-like genes (26, 44) sic (1), scl, and sof (37).
Mga, which is also autoregulated, controls gene expression by
direct interaction with the promoter region of the genes it
regulates (36).

In addition to Mga, the recently described pel locus was
found to influence expression of various GAS virulence fac-
tors, including M (28). This locus is identical to sagA, the first
open reading frame (ORF) in the sag operon, which is required
for streptolysin S (SLS) production. The sag operon consists of
nine ORFs. The sagA gene encodes a putative 53-amino-acid
product with sequence similarity to a bacteriocin and is be-
lieved to encode SLS. There is a putative promoter upstream
of sagA and there are two potential rho-independent termi-
nators between sagA and sagB and after the last ORF, sagI
(40).

The molecular mechanism by which the sag locus modulates
gene expression has not been determined. Previous investi-
gations of the effect of sag mutations on expression of the
emm gene gave different results. In one study, a mutant in
which Tn916 was inserted in the presumed promoter region
of sagA in strains of both serotypes M1 and M18 showed no
differences in the amount of M protein compared to the
isogenic wild-type strains (5). In contrast, a mutant in a
serotype M49 strain in which Tn917 had inserted at the
same location showed a drastic reduction of the emm tran-
script compared to the wild-type strain (28). This apparent
difference and an interest in fully understanding the regu-
lation of production of M protein prompted us to study the
role of the sagA locus in the serotype M6 GAS strain JRS4.
We found that although the level of emm transcript was the
same in both the sagA insertion-deletion mutant and its
isogenic wild type, the M protein was truncated at its C
terminus and therefore was not anchored to the cell wall in
the mutant strain. Thus, the sagA mutant strain was suscep-
tible to phagocytosis.

MATERIALS AND METHODS

Bacterial strains and media. All GAS strains except JRS800 are derivatives of
the M6 strain JRS4, a streptomycin-resistant derivative of D471 (49). JRS800 is
a streptomycin-resistant derivative of M1 strain SF370 (13). GAS cultures were

grown at 37°C without agitation in Todd-Hewitt broth with 0.2% yeast extract
(THY). Escherichia coli XL1 Blue (Stratagene) was used as the host for plasmid
construction and was grown in Luria broth (LB) with agitation. Antibiotic con-
centrations were as follows: chloramphenicol, 2 �g/ml for GAS and 20 �g/ml for
E. coli; kanamycin, 300 �g/ml for GAS and 50 �g/ml for E. coli; spectinomycin,
50 �g/ml for both GAS and E. coli; erythromycin, 0.5 �g/ml for GAS and 500
�g/ml for E. coli; ampicillin, 100 �g/ml for E. coli.

To inhibit extracellular proteases, GAS strains were grown overnight, washed
with saline, and reinoculated at a 1:100 dilution in fresh THY containing either
20 �M E64 (to inhibit cysteine protease; Sigma) as previously described (46, 51)
or 10� complete protease inhibitor tablets (to inhibit serine, cysteine, and
metalloproteases; Roche). Cells were grown to an optical density at 600 nm of 0.6
and collected for further analysis.

Inactivation of the sagA locus in the M6 GAS strain JRS4. The sagA gene was
inactivated in JRS4 with a polar kanamycin resistance cassette (omega-Km2 [41])
containing the aphA3 gene. Since the sequence information is available from an
M1 strain, upstream and downstream regions of the sagA locus were amplified
from the chromosomal DNA of the M1 strain JRS800. Two primers, Kpn-Del5
(5� agtgacggtaccCGCGCAGTAGGGATCAAGCGAGC) and Xho-Del5 (5� agt
tgactcgagAAGGTTTACCTCCTTATCTAATAAG), were used to amplify 0.56
kb upstream of the sagA region (restriction sites are underlined and uppercase
letters indicate sequence homology to the chromosome). Two primers, Bam-
Del3 (5� gcagttggatccTAATCTATTTAGCATCTCTATGTG) and Xba-Del3 (5�
gatctgtctagaGTCGACAATACTAGCTTGGAAGCC), were used to amplify
0.48 kb of the downstream region. These PCR products were digested with
appropriate enzymes and cloned into pBluescriptII digested with KpnI and XhoI
for the upstream fragment and with BamHI and XbaI for the downstream
fragment to generate pJRS453 and pJRS454, respectively. An EcoRI fragment
from pUC4�Km2 (41) containing the omega-Km2 cassette was then cloned
into the EcoRI site of pJRS453 to generate pJRS459. An XbaI-PstI fragment
from pJRS454 carrying the fragment downstream of sagA was cloned into
XbaI-PstI-digested pJRS459 to create pJRS460. Finally, the KpnI-SacI frag-
ment of pJRS460 containing the omega-Km2 cassette with fragments up-
stream and downstream of sagA was cloned (by blunting the SacI site) into
KpnI-EcoRV sites of pJRS233 (42) to generate the gene replacement plasmid
pJRS470. This plasmid contains a temperature-sensitive replication origin
(42).

Plasmid pJRS470 was introduced into JRS4 and transformants were selected
at 30°C, a temperature permitting plasmid replication. The chromosomal sagA
locus was replaced with omega-Km2 by growing at the nonpermissive tempera-
ture (37°C) with selection for resistance to kanamycin following a previously
described procedure (42) to create JRS470. The presence of a mutant sagA allele
in the chromosome of JRS470 was confirmed by PCR analysis across the sagA
locus with flanking primers (Fig. 1, primers 1 and 3, 2 and 4) and omega-Km2-
specific primers (Fig. 1, primers 2 and 3) and by Southern hybridization
analysis. The sagA locus was also deleted from JRS145, an isogenic M6 strain
in which the cat86 gene replaces emm6 (7). This strain does not produce M
protein (7).

Preparation of whole-cell extract, cell wall, and supernatant proteins. Over-
night cultures were grown in THY, collected by centrifugation, and washed twice
in saline. Cell density was adjusted to 5 cell units per ml with saline (1 cell unit
per ml is equivalent to 1 ml of culture at an optical density at 600 nm of 2.0).
Total cell extracts were prepared by lysing the cell suspension with a glass bead
beater (BIO101) and were clarified by centrifugation. For cell wall preparations,
cell amounts equivalent to 5 cell units were resuspended in 500 �l of 10 mM
Tris-Cl (pH 8.0) containing 30% raffinose, 100 U of mutanolysin per ml, 1 mg of
lysozyme (32) per ml, and complete protease inhibitor cocktail (Roche). Cells
were digested for 3 h at 37°C with constant rotation and pelleted by centrifuga-
tion. The supernatant containing the cell wall fraction was used for further
analysis. To obtain total proteins in the culture supernatant, cells were removed
by centrifugation followed by filtration through a 0.2-�m-pore-size filter. Total
proteins were obtained by precipitation with trichloroacetic acid (TCA; 20%
[wt/vol] final concentration) on ice for 1 h, washed with acetone, and resus-
pended in water to 1/100 volume.

Western blot analysis. Proteins were separated by sodium dodecyl sulfate–4 to
12% or 10% polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted
onto a nitrocellulose membrane that had been blocked with 3% bovine serum
albumin–0.1% Tween 20 in Tris-buffered saline for 1 h at room temperature.
Monoclonal antibody (MAb) 10A11, 10B6, or 10F5 (23) diluted 1:2,000 or
polyclonal antibody to the N-terminal 26 residues of mature M6 protein (23)
diluted 1:1,000 was added and incubated for 1 h at room temperature. Filters
were washed thoroughly with 0.1% Tween 20 in Tris-buffered saline, probed with
anti-mouse (for monoclonal) or anti-rabbit (for polyclonal) immunoglobulin G
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alkaline phosphatase-conjugated secondary antibodies for 1 h, and washed again.
Reactivity was detected using nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolyl phosphate (BCIP) as substrates.

Direct binding assay on whole cells for fibrinogen, fibronectin, and M6 anti-
body. GAS strains grown overnight were collected by centrifugation and washed
twice with 0.9% saline. Cell density was adjusted to 2.5 cell units/ml and serial
dilutions were made in saline. Aliquots of 5 �l were spotted onto nitrocellulose
membranes and air dried, and nonspecific sites were blocked with 3% bovine
serum albumin–0.1% Tween 20 in phosphate-buffered saline at room tempera-
ture for 1 h. Digoxigenin (DIG)-labeled fibrinogen or fibronectin was added to
the membrane to a final concentration of 1 �g/ml and incubated at room tem-
perature for 1 h. Membranes were washed twice with 0.05% Tween 20 in
phosphate-buffered saline. Binding of ligand to the cell wall was detected using
alkaline phosphatase-conjugated anti-DIG antibody with nitroblue tetrazolium
and BCIP as substrates. Detection of M6 protein on the cell surface was per-
formed as described above using MAb 10A11.

RNA slot blot. GAS strains were cultured in THY and growth was monitored
using a Klett-Summerson colorimeter with a red filter. Total RNA was isolated
from samples using the FastaPrep system (BIO 101) and treated with DNase I
to remove residual DNA as described previously (12). RNA was assayed on
a Zeta probe membrane (Bio-Rad) by slot blot as previously described (12).
DNA probes were prepared by PCR amplification using the JRS4 chromo-
somal DNA as template. Primer pairs used for probes were emm (5�GAGT
GTAATAGGGGCAGGA3� and 5�AGTTTCCTTCATTGGTGCT3�), rpsL
(5�gccgaattcGAATGTAGATGCCTACAATTAACCA3� and 5�cccaagcttTT
TACGACTCATTTCTCTTTATCCC3�), and gyrA (5�GATCTGCAGGAA
GAAGAAGATGTTTTGATTAC3� and 5�GTCATCCTGACCGCTTGTCAA
AAGG3�) (lowercase letters indicate nonhomologous bases). PCR fragments
were labeled with [�-32P]dATP by random priming using the DECAprimeII kit
(Ambion). RNA blots were analyzed with a phosphorimager (Molecular Dynam-
ics).

Phagocytosis in human blood. Resistance to phagocytosis was determined with
the bactericidal assay as previously described (43). Briefly, freshly drawn human
blood from a nonimmune individual was mixed with heparin (10 U/ml) and the
plasma was obtained by centrifugation. GAS strains were grown to mid-logarith-
mic phase in THY and diluted to 100 to 200 CFU/ml. A mixture of 0.1 ml of
THY, 0.1 ml of diluted bacterial cultures (approximately 10 to 20 bacteria), and
0.4 ml of either human blood or plasma (control for anti-M antibodies) was
incubated at 37°C for 3 h with constant rotation. CFU were counted by the pour
plate method with THY agar.

RESULTS

Construction of a sagA insertion-deletion mutant in the se-
rotype M6 GAS strain JRS4. To elucidate the role of sagA in

the expression of M protein by an M6 GAS strain, the chro-
mosomal sagA locus was replaced by insertion of a kanamy-
cin gene. The DNA regions upstream and downstream of
sagA were amplified separately from the chromosome of the
sequenced M1 GAS strain JRS800, since the sequence of
this region of JRS4 is not known. The omega-Km2 cassette
was cloned between these DNA fragments in the tempera-
ture-sensitive shuttle vector pJRS233 (42) to construct plas-
mid pJRS470. This plasmid was used to replace the wild-
type sagA locus of strain JRS4 with omega-Km2, following a
double recombination event, to create strain JRS470 (Fig.
1). The same plasmid was used to replace the sagA gene in
strain JRS145 (7), a derivative of JRS4 that contains cat86 in
place of emm under the emm gene promoter, to create strain
JRS480. Both strain constructions were confirmed by PCR
using primers that flank the sagA gene (Fig. 1) and by Southern
blot analysis.

Since the sag locus is required for expression of SLS, cell-
associated SLS activity was assayed (28) in JRS4, JRS470, and
JRS145. As expected, JRS4 and JRS145 hemolyzed sheep
erythrocytes while JRS470 did not (data not shown).

M protein expression in the sagA mutant. The simplest test
for the presence of M protein on the GAS surface is the
clumping of the cells in undisturbed liquid cultures. Although
normal clumping was observed for JRS4, no clumping was seen
for JRS145 or JRS470, suggesting that, like the M� strain, the
sagA mutant strain lacks surface M protein. This was con-
firmed by spotting whole cells onto nitrocellulose membranes
and developing the membranes with MAb 10A11, which rec-
ognizes an epitope in the B repeat region of the M6 protein
(24), and with DIG-labeled fibrinogen, which binds M protein
(53, 54) (Fig. 2). As a control, DIG-labeled fibronectin (which
binds a different cell surface protein) was also used to develop
the whole-cell dot blots (Fig. 2). The wild-type parent strain,
JRS4, bound anti-M antibody, fibrinogen, and fibronectin, as
expected. The emm deletion strain JRS145 bound fibronectin
but did not bind anti-M protein antibody and showed reduced
binding of fibrinogen, consistent with the probable presence of

FIG. 1. Schematic diagram of sagA insertion-deletion mutant derivative of JRS4. The omega-Km2 cassette (hatched box) was used to replace
the sagA locus to generate JRS470. Thick arrows indicate ORFs. The chromosomal segments used as the homologous region for gene replacement
are shown by black lines below the diagram of JRS4. The putative promoter of the sag operon is indicated by a bent arrow and the putative
transcriptional terminator is shown by a filled circle. Transcriptional terminators present in the omega-Km2 cassette are shown by open circles.
Arrowheads represent primers (1 to 4) used to confirm the gene replacement event.
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one or more fibrinogen binding proteins in addition to the M
protein on the surface of this strain (29). The sagA mutant
strain JRS470 bound fibronectin, showed reduced fibrinogen
binding, and bound significantly less anti-M6 antibody than the
parent strain. This suggests that JRS470 has much less M
protein on its surface than the parent. (The increased binding
of fibronectin by JRS145 and JRS470 compared to JRS4 is
probably due to interference by M protein with the fibronectin
binding of protein F.)

Transcription of the emm gene in the sagA mutant. To mea-
sure transcription of emm, two different approaches were
taken. In the first, cat86 was used as a reporter for the pro-
moter of emm6. Strain JRS145 and its sagA insertion-deletion

derivative JRS480 contain cat86 in place of emm under the
Pemm promoter. The ability of these strains to grow in the
presence of increasing amounts of chloramphenicol was mea-
sured in liquid cultures to monitor the expression of chror-
amphenicol acetyltransferase. The MIC for both strains was
80 � 10 �g/ml, indicating that there is no difference in cat86
expression from Pemm between the wild type and the sagA
mutant.

To confirm this observation, the amount of emm transcript
was measured directly by RNA hybridization to a PCR-derived
emm probe at three different stages in the growth cycle (Fig.
3A). To assure that equal amounts of mRNA from each strain
were loaded on the gel, blots were also probed with rpsL and
with gyrA as controls. When the sagA mutant strain JRS470 was
compared with its parent, JRS4, there were no significant dif-
ferences in the amount of emm gene transcript at any stage of
growth (Fig. 3B). Therefore, the sagA locus does not affect
transcription of emm in this M6 GAS strain.

The M6 protein is truncated in the sagA mutant. Since we
have found that the emm transcript is produced at the wild-
type level but the amount of M6 protein on the cell surface is
reduced, we wished to determine whether the M protein was
translated and was stable. To investigate this, we used four
different anti-M antibodies that recognize specific regions of
the M6 protein (Fig. 4A). Whole-cell protein extracts from
both wild-type and mutant strains were separated by SDS-
PAGE and probed first with MAb 10A11, which recognizes an
epitope in the B repeat region of the M6 molecule (24). The
multiple banding pattern characteristic of full-length M6 pro-
tein (between 	50 and 	66 kDa) was observed in the whole-
cell extracts of wild-type strain JRS4 (Fig. 4B, lane 1). (Since
the M protein is covalently attached to the cell wall, the phys-
ical disruption of the wall used in this work probably results
in cell wall fragments remaining attached to the M protein,
as has been found using phage lysin extraction of M [16,
23].) In contrast, the extract from the sagA mutant strain
(JRS470) showed two smaller bands (with apparent molec-
ular masses of 	35 and 	28 kDa) that reacted with MAb
10A11 (Fig. 4B, lane 2). This indicates that the M6 protein
is truncated in this mutant strain. JRS145, which contains
no emm6 gene, was included as a negative control (Fig. 4B,
lane 3).

To determine whether the region of M6 missing from the
protein extracted from JRS470 is the C-terminal half of the
molecule, we used two MAbs, 10F5 and 10B6, that recognize
epitopes within the C repeat region (Fig. 4A). Both antibodies
reacted with the intact M6 protein in the JRS4 extract, and
both failed to recognize the truncated M6 protein present in
the mutant strain (Fig. 4C), implying that the C-terminal half
of M6 is not present in the protein extracted from the sagA
mutant. The presence of the N-terminal portion of M6 in the
truncated protein of the sagA mutant was confirmed using an
antibody raised against the first 26 amino acids of the mature
protein (see below).

Localization of the truncated M6 protein. M proteins are
transported through the cytoplasmic membrane of GAS by the
Sec system, which cleaves the 42-amino-acid N-terminal signal
peptide, and is anchored to the GAS cell wall through a well-
conserved LPXTG motif present in the C-terminal region of
the molecule, distal to the C repeats (17) (Fig. 4A). Because

FIG. 2. Expression of surface proteins in the sagA mutant. Twofold
serial dilutions starting with 2.5 cell units/ml (A to F) from over-
night cultures of the wild type (JRS4), the sagA mutant (JRS470),
and the M deletion mutant strain (JRS145) were spotted onto a ni-
trocellulose membrane and probed with anti-M6 antibody (MAb
10A11), DIG-labeled fibrinogen, and DIG-labeled fibronectin as indi-
cated.
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the truncated M6 protein in the extract of the sagA mutant
lacks the C-terminal half of the molecule, it seemed likely that
this protein would not be anchored to the cell wall. To inves-
tigate this, cell wall-associated proteins were prepared from
both wild-type and mutant strains and analyzed by West-
ern blotting with MAb 10A11, specific for the B repeats. As
expected, the truncated M6 protein seen in whole-cell ex-
tracts of the sagA mutant was absent from the cell wall frac-
tion but intact M protein was present in the cell wall prep-
aration from the wild-type parent (Fig. 5A, compare lanes 1
and 2).

To determine whether the truncated M6 protein has an
intact N terminus and whether it is transported through the
cell membrane and secreted outside the cell, concentrated
culture supernatant proteins from the wild type and the sagA
mutant were reacted with antibody specific for the B repeats
(MAb 10A11) and with antibody made against the N-terminal
26 amino acids of the mature M6 molecule (23). Both anti-
bodies recognized mature M6 protein secreted from the
wild-type strain (Fig. 5B, lanes 1) and no bands were de-
tectable in either the culture supernatant or cell wall ex-
tracts from the strain with no M protein gene (Fig. 5, lanes
3), as expected. In the culture supernatant of the sagA mu-
tant, both antibodies recognized an 	28-kDa band (Fig. 5B,
lanes 2). This indicates that the truncated M6 protein of the
mutant strain contains the N terminus and that it is released
outside the cell. Coomassie blue staining of the same culture
supernatants showed that the sagA mutant produced a large
amount of a protein that migrates to the location of the
truncated M6 protein, suggesting that a large amount of
truncated M6 is produced and accumulates in the superna-
tant.

Truncation is not caused by external proteases. Many
strains of GAS produce and secrete abundant quantities of
proteases, including the speB-encoded cysteine protease SpeB,
which has been shown to remove the C-terminal fragment
from the M1 protein (4, 46). Therefore, we investigated the
possible role extracellular proteases might have in the trunca-
tion of the M6 protein in the sagA mutant strain. To inhibit
SpeB, cells were grown in the presence of E64, a cysteine
protease inhibitor, and to inhibit other proteases, a commercial
mixture of inhibitors of both serine and cysteine proteases
were added to the medium during growth. When total cell
lysates from these cultures were analyzed by Western blot with
MAb 10A11, we found that addition of protease inhibitors had
no effect on the truncation of M protein produced in the sagA
mutant strain (Fig. 6). The extract from the sagA mutant strain
(JRS470) showed the same two smaller bands of 	35 and 	28
kDa as those seen in the absence of any protease inhibitor
(compare Fig. 6, lanes 1 and 2, to Fig. 4B, lanes l and 2). The
reduction of intensity of these two bands in protease inhibitor
samples is probably due to the difference in the amount of
sample present (Fig. 6, lanes 1). The protease inhibitor(s)
was determined to be active in the growth medium by dem-
onstrating inhibition of hydrolysis of casein on plates (an
activity associated with SpeB [33, 46]) using the M1 strain
JRS800 known to produce large amounts of protease (data not
shown).

The sagA mutant is sensitive to phagocytosis. The best-
documented function of M proteins is prevention of phagocy-
tosis of GAS strains by polymorphonuclear leukocytes in hu-
man blood (27). Since there is little M6 protein on the surface
of the sagA mutant strain JRS470 and the protein it releases
into the culture supernatant is truncated, we investigated

FIG. 3. Transcription of the emm gene in the wild-type and sagA mutant strains at different stages of growth. (A) Growth curve indicating the
times of RNA isolation at early and mid-log phases of growth and at the transition to the stationary phase of growth (arrows). (B) Hybridization
of specific DNA probes internal to the genes indicated to RNA isolated at the stages of growth indicated in panel A. On each filter, 2.0 and 0.5
�g of RNA was applied in vertically arranged duplicates.
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whether the sagA mutation rendered the strain susceptible to
phagocytosis. We compared survival and growth of the mutant
with its parent, JRS4, in whole blood and plasma (Table 1). As
expected, the doubling time of JRS4, 25 min, was the same in

whole blood and plasma, an indication of phagocytosis resis-
tance. In contrast, both the M� control strain JRS145 and the
sagA mutant strain JRS470 grew well in plasma but were
phagocytized by the cells in whole blood (Table 1). This is in

FIG. 4. Analysis of the M protein of the wild type and the sagA mutant. (A) Schematic diagram of the structure of the M6 protein indicating
the location of the epitopes recognized by the antibodies used. Repeat regions are shown by capital letters and the cell-associated region and cell
wall anchoring signals are indicated. (B and C) Western blot analysis of whole-cell extracts separated by SDS–10% (B) or 4 to 12% (C) PAGE.
The antibodies used are indicated below the gels. Lanes contain extracts from JRS4 (lanes 1), JRS470 (lanes 2), and JRS145 (lanes 3). M, Rainbow
(B; Amersham) or See Blue (C; Invitrogen) molecular mass marker. Bands that reacted with anti-M antibody are indicated by arrows.

FIG. 5. Localization of M6 protein in the mutant and wild-type strains. Analysis of cell wall fractions (A) or concentrated culture supernatants
(B) from various GAS strains separated on SDS–4 to 12% polyacrylamide gels and probed with MAb 10A11 or anti-amino acids 1 to 26 (�1-26)
or stained with Coomassie blue, as indicated below each panel. Lanes contain samples from JRS4 (lanes 1), JRS470 (lanes 2), and JRS145 (lanes
3). M, See Blue (Invitrogen) molecular mass markers whose sizes are indicated on the left of each panel. Bands that reacted with anti-M antibody
are indicated by arrows.
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agreement with the above results indicating the lack of M
protein on the surface of the sagA mutant.

DISCUSSION

SLS activity produces one of the defining phenotypes of
GAS, and the genes that are necessary and sufficient to pro-
duce this hemolysin, the sag genes, have been found in all GAS
strains studied (40). The major transcript from this operon was
found to be 450 bp long, which corresponds to the size pre-
dicted for a message that starts at the sag promoter and ends at
the terminator motif located between sagA and sagB. However,
reverse transcription-PCR analysis showed that the sag genes
downstream of sagA are cotranscribed as a polycistronic mes-
sage together with sagA, indicating read-through transcription
from the sagA promoter through the terminator sequence fol-
lowing sagA (40). In this study, we used a sagA insertion-
deletion mutant in which the additional terminators surround-
ing the omega-Km2 (41) cassette are inserted between the
sagA promoter and the sagB gene. This mutant is therefore
expected to be polar on all the downstream genes in the sag
operon. Three of these genes, sagG, sagH, and sagI, encode

putative ABC transporter proteins, which may be involved in
exporting SagA and/or other molecules across the cytoplasmic
membrane. Another gene, sagB, encodes a protein with a high
degree of homology to immunity proteins often involved in
inhibition of bacteriocin action. The other genes downstream
of sagA (sagC, sagD, and sagF) have little or no homology to
any known genes, but they encode proteins with putative
membrane-spanning domains and thus their products may
be surface located. Because the insertion-deletion mutant
we studied should show reduced expression of all the genes
in the sag operon, the effect on M6 protein that we observed
could be due to loss of function of any of the genes in the
operon.

The relationship between SLS production and the expres-
sion of various virulence factors has been studied in GAS
strains of several different serotypes. In an M12 strain, a Tn916
insertion mutant that lacked SLS activity had wild-type levels
of both M and T antigen (39). In an M3 strain, inactivation of
SLS by a Tn916 insertion was associated with an altered growth
requirement, but M protein was not affected (30). Unfortu-
nately, in both cases, the locations of the Tn916 insertions were
not mapped and thus the reduction of SLS activity may have
been an indirect effect of insertion in some unknown regula-
tory locus.

More recently, Tn916 insertion mutants that mapped to the
sagA promoter region were isolated in strains of both serotypes
M1 and M18. These mutants were reported to retain wild-type
levels of M protein, as determined by Western blot analysis
with a MAb specific for the C-terminal region of the molecule
(5). In contrast, in a serotype M49 strain, a Tn917 insertion
mutant in the sagA promoter region showed virtually no emm
gene transcription (28). However, in our study with a strain of
M6 serotype we found an unaltered level of emm transcript but
a greatly reduced amount of full-length M protein in the sagA
insertion-deletion mutant we constructed. Combined, these
results indicate that the sagA locus regulates M expression
differently in different GAS strains.

At this time, we can only speculate about the molecular
mechanisms by which the sag locus regulates the M protein. In
the M6 strain we studied, the sag locus mutation led to trun-
cation of the M protein. It seems likely, therefore, that either
sagA or one of the other sag genes directly or indirectly de-
creases the expression of a protease or proteases that truncate
the M6 molecule. Although the sequence of the sagA gene
implies that SagA is a secreted peptide, it has been suggested
that SagA may act as a pleiotropic transcriptional regulator
(28). In that case, it is possible that SagA represses transcrip-
tion of the protease(s) in the M6 strain. In the strain(s) in
which transcription of emm is reduced in the sag mutant, it is
possible that the hypothetical GAS protease(s) repressed by

FIG. 6. M proteins in cell extracts grown in the presence or absence
of protease inhibitors. The wild-type (lane 1) and sagA mutant (lane 2)
strains were grown in the absence of protease inhibitor (NO), the
presence of complete protease inhibitor (P.I.), or with cysteine pro-
tease inhibitor E64. Whole-cell extracts were separated on SDS–10%
polyacrylamide gels and reacted with MAb 10A11. M, molecular mass
marker (Rainbow).

TABLE 1. Phagocytosis of GAS in human blood

Strain Relevant genotype
Amount of GAS (CFU) ina:

Inoculum Whole blood Plasma

JRS4 emm6 (wild type) 1.65 � 102 � 0.11 � 102 1.28 � 104 � 0.05 � 104 2.15 � 104 � 0.03 � 104

JRS145 
emm6 1.89 � 102 � 0.13 � 102 0.75 � 101 � 0.43 � 101 2.94 � 104 � 0.25 � 104

JRS470 emm6 (wild type) 
sagA 0.94 � 102 � 0.11 � 102 9.50 � 101 � 0.50 � 101 2.07 � 104 � 0.17 � 104

a The ability of GAS to survive in fresh human blood was measured as described in the text. The numbers reported are the averages of two assays.
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the sag locus may cleave the activator of the emm promoter,
Mga. The sequence of Mga differs among the strains investi-
gated. Thus, a cleavage site for the proposed protease may be
present in the divergent Mga of the M49 strain but absent from
the mga gene in the other strains, including that of serotype
M6.

Although it seems unusual that the amount of M protein on
the surface of sag mutants of different GAS strains is reduced
for different reasons, there is precedent for different regulatory
mechanisms controlling production of other secreted GAS
proteins. For example, the speB gene is carried by all GAS
strains, but the degree of SpeB expression varies greatly in
strains of different serotypes (22, 51) and this results from the
different actions of different transcriptional regulators. In a
strain of M49 serotype, the speB gene is negatively regulated by
Nra (38), whereas in an M6 serotype strain, RofA, an Nra
homolog (3), has no effect on speB transcription. Furthermore,
Nra also acts as a negative regulator of transcription of prtF
(47), a gene encoding protein F, whereas RofA acts as a pos-
itive regulator of prtF transcription (18, 19). Taken together,
these observations indicate that regulators act on similar genes
differently in different strains.

In addition to a decrease in M protein expression, the
M49 sagA mutant strain showed reduced amounts of strep-
tokinase (encoded by ska) and the cysteine protease encod-
ed by speB. However, the ska transcript remained at wild-
type levels while the transcript levels for speB and emm were
reduced (28). Thus, the mechanism of regulation of surface
and secreted proteins by sagA may vary even within a single
strain.

We found that in an M6 strain, a sagA mutation causes
truncation of the M protein, which results in the loss of the
domains of the protein required for anchoring to the GAS cell
surface. To produce the larger (35 kDa) truncated protein
found in the whole-cell extract, cleavage probably occurs at a
site that separates the C repeats from the B repeats, since this
truncated species failed to react with antibody specific for the
C repeat region but did react with the B repeat-specific anti-
body. The location of this cleavage may coincide with the
pepsin-sensitive site in the M6 molecule (20). It seems likely
that this region of the protein is more exposed and thus more
sensitive to proteolysis. Consistent with cleavage that removes
the C repeats and the C-terminal region of the M6 protein is
the result that the truncated M protein is not anchored to the
cell wall.

Although there are two different species of truncated M6
protein in the whole-cell extract of the sagA mutant strain, of
about 35 and 28 kDa, the larger truncated species is absent
from the culture supernatant. This suggests that the 35-kDa
protein is further processed during export across the cell mem-
brane. The second proteolytic event that generates the 28-kDa
truncated species probably occurs within the B repeats, since
this species reacted with both antibodies specific for the N
terminus of the M6 molecule and with MAb 10A11 (Fig. 5).
Because M protein migrates anomalously in SDS-PAGE (21),
the location of the 28-kDa band cannot be used to accurately
localize the site of cleavage.

It seems highly probable that an endogenous GAS protease
is involved in production of the truncated M6 proteins found in
the sagA mutant strain. The presence of two different trun-

cated products, one of which appears to be produced during
transport through the cell membrane, suggests the possibility
that more than one protease may be involved in the truncation.
An intracellular protease probably cleaves mature M protein
to produce the 35-kDa product while another protease further
processes it to generate a 28-kDa protein found predominantly
in the supernatant.

In GAS, SpeB is the major secreted and cell-associated
protease. Furthermore, SpeB has been found to process the
M1 molecule by removing its N-terminal region as well as by
cleaving internal regions (4, 46). However, SpeB is probably
not involved in either of the truncations of M6 protein result-
ing from the sagA mutation for at least three reasons. First, in
the strain we studied, there is very little SpeB expressed (12,
51). Second, in a serotype M49 strain, the sagA mutant down-
regulates SpeB activity instead of increasing it (28). And
third, the presence of E64, a cysteine protease-specific inhib-
itor that reduces SpeB activity, had no effect on the presence of
the truncated M6 products in a cell wall extract. Thus, it ap-
pears that proteases other than SpeB are involved in the trun-
cation.

The results presented in this study emphasize the impor-
tance of the sag locus in virulence of the GAS. The reduction
in virulence in a subcutaneous inoculation murine model of a
sagA insertion mutant may result from a direct and/or indirect
effect of sagA on virulence (5). It is likely that SLS plays an
important role in dissemination of GAS during infection, but
because of the pleiotropic nature of mutations in this gene it is
not yet possible to test this idea directly. The M protein has
long been considered the major virulence determinant of GAS
because of its role in protecting the bacteria from phagocytosis
and its role in attachment to initiate infection and it has been
demonstrated to be important for virulence in a subcutaneous
inoculation murine model (2). Mutation in the sag locus in
several strains results in a lack of M protein on their surfaces,
although the mechanism leading to this phenotype appears to
be different in different strains of GAS and is not yet under-
stood. We have shown that for an M6 strain, the polar sagA
mutation demonstrates proteolytic truncation of the M protein
that prevents its attachment to the surface of GAS. This causes
a loss of the ability of the bacterium to resist phagocytosis and
thus should have a significant effect on the virulence of the
strain. Further understanding of the complex functions of
the sag locus in different GAS strains should greatly enhance
our knowledge of the pathogenesis of this heterogeneous
bacterial species.
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